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Abbreviation*
PA • phosphatidic acid 
PS - phosphatidyl-serine
NADH • nicotinamide adenine dinucleotide; reduced form
d-NADH - deamino nicotinamide adenine dinucleotide; reduced form
LB • Luria-Bertani medium
EDTA - ethylene diaminotetraacetic acid
Tris - tris (hydroxymethyl) aminomethunc
BSA - bovine serum albumin
DCIP - dichlorophenol indophenol
TLC - thin-layer chromatography
AMP - adenosine monophosphate
CTP - cytosine triphosphate
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Introduction
One basic tenet of the Fluid Mosaic Model for membrane 
structure is that the lipid and protein components of the membrane 
are free to diffuse laterally in the bilayer in a random fashion (1). 
However, there has been an accumulation of evidence, some of which 
has been provided by this laboratory, that suggests the existence of 
regions of long-range order in some membranes. These regions are 
often referred to as "patches" or "domains". The evidence for 
membrane domain formation has come from studies on many 
different systems, including both biological and artificial ones. An 
overview of this research is provided by Rodgers (2).
Most importantly for my project, it has been found that divalent 
cations, specifically calcium, strongly stimulate the formation of 
domains in membranes that contain significant levels of acidic 
phospholipids, such as PA or PS (3,4,5). Most of these studies were 
done using methods such as differential scanning calorimetry or 
electron spin resonance to detect the formation of domains. 
Techniques have also been developed in this laboratory to observe 
these patches directly with flourescence imaging microscopy. The 
formation of PA-enriched domains in artificial vesicles exposed to 2 
mM calcium chloride has been visualized using this method (6).
The main goal of this research project, then, is to investigate the 
effects of this calcium-induced "patching" of membranes on a 
membrane-bound enzyme, as an example of the functional 
significance of domains. K. coli NADU dehydrogenase was chosen as 
the protein because it is easily assayed and present in relative 
abundance on the inner membrane.
NADH dehydrogenase is actually a generic term for an enzyme 
that utilizes the reducing power of NADII to reduce some other 
substrate. However, the NADH dehydrogenase that is especially 
interesting to study is the first enzyme in the electron transport 
chain of E. coli (7). It transfers electrons from NADH to the next 
carrier in the electron transport chain. 'I'he chain as a whole 
eventually reduces molecular oxygen to water. The activity of the
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electron transport chain can be inhibited by cyanide.
When this occurs, an alternate pathway for the electrons of 
NADU can be utilized by providing an artificial electron acceptor such 
as DCIP to the system.
A mutant strain of E. coli called GN80 was available that had a 
pll-sensitive, conditionally lethal mutation in its &]£ locus. When this 
protein is "knocked out1' by elevating the pH cf the cellular medium 
to 8.3. CTP-phosphatidic acid cytidyltransferase, the enzyme that 
converts PA to CDP-diglyceride in the lipid biogenesis pathway, is no 
longer active (8). PA therefore accumulates in the membranes of 
these cells. Thus, since vesicles can be prepared from these 
membranes, a system is created in which the electron transport 
chain is in a membrane bilayer that contains unusually high levels of 
an acidic phospholipid. ( PA is about 30 molc% rather than the 0.5 
mole% found in wild type. ) Calcium was added to stimulate domain 
formation, and the effects of this addition on the kinetics of NADI I 
dehydrogenase were observed.
A complication inherent in this system arises from the fact that 
NADII dehydrogenase is surrounded by a membrane environ­
ment that is highly negatively charged. Its substrate, NADII, the 
disappearance of which is the basis for the enzyme's assay, is also 
negatively charged. Therefore one would expect a change in the 
behavior of the enzyme from "wild-type vesicle" to "mutant vesicle" 
based simply on the presence of additional electrostatic forces in the 
mutant. Furthermore, the addition of divalent calcium would 
probably electrostatically "screen" these forces and again affect the 
kinetics of the enzyme, in addition to whatever effect the patching 
would have. To correct for the electrostatic effects, sodium was 
added in separate experiments, and its effects on the enzyme's 
kinetics were also observed.
It is important to note, however, that the effect of electrostatic 
forces on a membrane enzyme’s behavior is not completely under­
stood either, and is of interest in itself (9).
The work that has been done on this project is readily divided 
into two areas. The first area of research involves the preliminary 
kinetics studies of calcium and sodium addition to the high-PA GN80 
vesicles. The results of this research will be presented here. It will be 
seen, however, that the system used had to be further characterized 
and simplified in order to truly identify the effects of domain 
formation and electrostatics on the membrane enzyme's behavior. 
This was the major goal of the second part of the research.
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Bacterial Strains ON80 and the isogenic wild type GN85 K.coli strains 
were generously donated by Dr. Raetz of the University of Wisconsin- 
Madison (8).
Materials All chemicals used were reagent grade.
Growth of Bacteria Permanent stocks of GN80 and GN85 were stored 
at -70 °C. Temporary streak-cultures were grown at 37 °C and stored 
at 4 °C on LB-agar plates. For vesicle preparations, cells were grown 
in H56 media, the composition of which is described by Raetz (8). Cell 
culture turbidity was monitored by O.D. 600 nm with a Beckman 
spectrophotometer. If the pH of the growth media was changed 
during cell growth, it was monitored with an Orion Research pll- 
meter and altered with sterile 2N KOH.
Preparation of Inner Membrane Vesicles Vesicles of E, CP.li inner 
membrane were prepared by the method of Osborn (10). This 
method basically consists of treating resuspended cells with lyso­
zyme and EDTA to create spheroplasts, and then sonicating to create 
vesicles. Inner membrane vesicles are then isolated using sucrose- 
density centrifugation. Sonication was done with 30 second pulses on 
an Ultrasonics, Inc. W-375 sonicator. Centrifugations were performed 
with an L5-50 Beckman ultracentrifuge. Inner membrane vesicle 
pellets were resuspended in lOmM Tris, pll 7.5 and stored in freezer 
vials in liquid nitrogen.
Protein Determination Protein concentrations were determined by 
the method of Lowry with BSA as a standard (II).
Enzyme Assays NADH dehydrogenase was assayed as a DCIP- 
reductase by monitoring the reduction of DCIP at 600 nm (12). The 
assay mixture contained 10 mM Tris-CI, 10 niM KCN, 32 uM DCIP,
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vesicles (with enzyme), and NADH in a final volume of 500 uL. The 
decrease in optical density was monitored by a Beckman 
spectrophotometer equipped with a strip-chart recorder. Activity 
values were corrected for reduction of DCIP in the absence of added 
vesicles. NADH oxidase activity was similarly measured by 
monitoring the decrease in optical density at 340 nm due to the 
oxidation of NADH. The assay mixture was the same as above with 
the omission of KCN.
For specific activity measurements. NADH was present at 250 
uM concentrations in these assays. For Km determinations, the linear 
range was determined first by varying the amount of protein (i.e. 
volume of vesicles added > at this NADH concentration. Then the 
NADH concentration was varied at a fixed protein amount. Assays 
were initiated by adding the vesicle solution to the assay mixture.
Most assays were conducted at IS °C because the reactions were 
found to proceed too quickly for accurate monitoring at room 
temperature. This was done by incubating cuvettes with assay 
mixture in a 15 °C constant temperature bath before vesicle addition. 
The spectrophotometer itself, however, was at ambient temperature.
The terms NADH DCIP-reductase and NADH dehydrogenase are 
used equivalently in this thesis.
Enzvme Assay Data Analysis Kinetic data was analyzed in several 
different ways, but the main method of analysis was curve-fitting to 
a simple Michaelis-Menten model. This was done using a computer 
program called HYPER designed by Dr. W. Wallace Cleland (13). This 
program generates values for the apparent Km and Vmax of the 
enzyme, as well as estimates of the error inherent in these values. 
The extinction coefficients used were 16.5 rnM -1 cm -1 for DCIP and 
6.22 mM -1 cm -1 for NADH.
Results - I
The preliminary studies of the effects of calcium and sodium 
addition on NADH dehydrogenase and oxidase kinetics in high-PA 
vesicles are summarized in Table I. In general, the addition of 50 or 
100 mM NaCI lowered the Km (NADH) of the enzyme about two-fold 
over no-addition controls, with the maximal velocity remaining fairly 
constant. The addition of 0.5 or 10 millimolar calcium chloride 
lowered the Km to a lesser degree. A control experiment was per­
formed by William Rodgers in which similar experiments were done 
on GN80 vesicles that had been pH-shiftcd during growth for much 
less time before harvesting, i.e., were presumably much closer to 
wild-type PA levels (8). In these experiments the 50 mM sodium 
ions, as well as the 0.5 mM calcium ions, hud little or no effect on the 
Km (NADH) over no-addition controls, (see Table 2) Results of a 
typical assay of high-PA vesicles are shown on a Lineweaver-Burke 
plot in Figure 1. It is important to note that these assays have a 
relatively high level of error or deviation associated with them. 
Despite efforts to control this error, most assays routinely yielded Km 
values with 30-50% relative standard deviation.
Although the NADH oxidase activity trends shown in Table I are 
somewhat similar to those of the DCIP-reductase activity, they 
involve even more fluctuation and error than the dehydrogenase 
assays, especially with regards to maximal velocity.
it appeared that the sodium and calcium additions were indeed 
having some effect on the dehydrogenase kinetics, but these effects 
were difficult to discern because of the high degree of error involved. 
The research done towards identifying the sources of error and 
eliminating them in the system to clarify our results is described in 
the second section of this manuscript.
Materials and Methods - II
Bacterial Strains GN80 and GN85 as described previous^ MWC003, 
a exo' K. coli strain was generously donated by the Gennis 
laboratory. A tetracycline resistance marker is associated with the 
exo gene in this strain.
Growth of Bacteria For cultures of GN80 that were not to be pll- 
shifted, LB-broth was used as the medium for growth.
Membrane Vesicles For some experiments, it was decided that inner 
membrane vesicles were not required. In these cases, the purifica­
tion procedure of Osborn described previously was stopped before 
the sucrose-density gradient centrifugation step. This mixture of 
vesicles was pelleted and resuspended in 10 mM Tris, pll 7.5 and 
stored in freezer vials in liquid nitrogen.
French Press The French-press method of breaking cells was tried 
and abandoned as an alternative to sonicution. Using an Amicon 
apparatus, the cells were broken by pressure at about 1100 psi, and 
the effluent collected.
Thin Layer Chromatography of Phospholipids The Raetz one-dimen­
sional TLC system was used to separate phospholipids (8). Lipids 
were extracted from whole cells by the method of Bligh and Dyer 
(14). Analtech silica gel G, 5 x 20 centimeter, TLC plates were used. 
After separation and overnight air-drying, the separated lipids were 
visualized by iodine staining.
Strain Construction Plcml.cIrlOO phage was generously donated by 
Lee Bussey. This phage has an associated chloramphenicol resistance 
marker which it confers upon the bacterium it lysogenizes (15). 
Lysate production and transduction with this phage was carried out 
as described by Miller (15). Successful transductants were detected 
by growth on LB-broth agar plates containing 12.5 ug/mL of 
tetracycline.
Enzyme Assays Assays of NADH DCIP-reductase and NADU oxidase 
activity were performed as described previously. In addition, 
deamino-NADH oxidase and NADH DCIP-reductase activities were 
also measured in the same way, with deanino-NADH obtained from 
Sigma substituted for the standard NADII.
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Results - II
From the results of the preliminary kinetics studies, it appeared 
that it was neccesary to reduce or eliminate the sources of error in 
the assays in order to better interpret the data that was obtained. 
There were several possible targets for such an approach. One 
possibility was that assay conditions such as temperature, substrate 
concentrations, etc. were not being stringently enough controlled. 
Another possibility was that the enzyme activity was being lost 
during vesicle preparations to varying degrees, either through 
denaturation or physical separation. A very low amount of enzyme 
activity that fluctuated relatively significantly between preparations 
could be a source of assay error. This was suspected because the 
NADH dehydrogenase specific activities reported in the literature 
using similar vesicle preparation methods were consistently 5-10 
times greater than the specific activities that were measured (12,16).
Finally, a third possibility was that the enzyme system that was 
being assayed was more complicated than initially hoped, and that 
one or more unidentified enzymes with DCIP-reductase activity were 
also being assayed at the same time.
Since attempts at more rigidly controlling the assay conditions 
did not seem to affect the results, a thorough study of the enzyme’s 
activity throughout the vesicle preparation procedure was per­
formed. A culture of GN80 cells was taken through the steps in the 
inner membrane vesicle preparation, with aliquots of material 
removed from the bulk solution at various points in the procedure. 
These aliqouts were either assayed immediately for NADI I dehydrog­
enase activity or assayed after three days at 4 degrees C or in liquid 
nitrogen. This was done to gauge the temporal stability of the 
activity for different storage conditions. The results of this study are 
shown in Table 3.
From these studies, it appeared as though the time-consuming 
sucrose-density gradient centrifugation step was unnecessary to 
increase the specific activity of the enzyme, and that the ’’after
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sonication" vesicles could be used as a source of maximal specific 
activity. However, from other studies, it was suspected that the 
activity in this fraction may be due to some soluble diaphorase 
rather than the membrane-bound, electron transport chain-linked 
NADII dehydrogenase (12). To test this suspicion, AMP inhibition 
experiments were perfomed on this fraction. Both the oxidase and 
the dehydrogenase activities of this sample were inhibited about 50% 
by 10 mM AMP, indicating that the activities were due mainly to the 
membrane-bound dehydrogenase, (see table 4) In addition, the 
measured Km (NADH)'s for the oxidase and dehydrogenase activities 
were within experimental error of each other (approximately fifteen 
micromolar) , again suggesting the lack of a significant population of 
soluble DCIP-reductases with different Km (NADII)’s (12).
However, after additional kinetics studies with this new, 
shortened vesicle preparation exhibited problems similar to the older 
studies, it was decided that maximizing the specific activity was not 
going to solve the problem of assay precision.
Further analysis of this and previous data with Liadie-Hofstee 
plot constructions, which are especially suited to studying linearity in 
enzyme assays, revealed a biphasicity in much of the data that 
pointed to a multi-enzyme problem, (see Figure 2 for details) Upon 
further reference to the literature, it seemed probable that a second, 
t3f1^ mb.ritn.g.:.b0iID,,d* tSSBil.alQ.ry -chitin NADII dehydrogenase called 
NADHdhl (exo gene locus) was responsible for this biphasic behavior 
(17). Eliminating this enzyme could, therefore, increase the precision 
and accuracy of the enzyme assays.
Although this enzyme has not been completely characterized at 
this point, it has the properties of being able to use both NADU and 
deamino-NADH as substrates and is a proton pump. The NADII 
dehydrogenase that we wish to study, mainly because it is better 
characterized and purified, (gene locus ndh) cannot utilize deamino- 
NADH as a substrate and is not a proton pump (17).
Since researchers in the Gennis laboratory had obtained an iL 
coli strain MWC003 that had the exo gene "knocked out" and assoc-
iatcd with a tetracycline resistance marker, Dr. Glaser suggested that 
1 could introduce this mutation by homologous recombination into 
the GN80 strain via FI viral transduction. Therefore, the MWCP03 
strain was infected with the PI phage and the successfully infected 
cells were lysogenized on LB-chloramphenicol plates at 32 °(\ Chlor­
amphenicol was present at 15 ug/ml in these plates. A lysate was 
subsequently prepared by culturing a colony off of this lysogen plate 
and raising the liquid culture temperature to 40 °C for a period of 
time. The lysate was separated from the dead cells by a brief 
centrifugation. This lysate was then used to infect GN80 cells in 
culture. The GN80 cells were later plated out onto LB-tetracycline 
agar plates in order to detect successful transductants. The details of 
this procedure are given in Miller, as stated previously.
Characterization of the lone successful transduction as detected 
by tetracycline resistance (i.e. testing for the cxo mutation) was 
performed in two ways. The colony, named GN8I, was assayed for 
loss of deatnino-NADH DCIP-reductase activity. The results of this 
assay are shown in table 5. Ability to use this substrate was 
completely lost. In addition, the propagated colony was tested to 
make sure that it retained the pll-sensitive cds mutation by TLC of 
whole cell lipids after pH-sliifting of growth media. Both the GN80 
and GN81 control lanes exhibited nearly identical patterns ol 
Ph ospholipid staining, with a prominent high-mobility spot 
attributable to PA.
The GN8I was cultured and stored at 70 °C in a 15V< glycerol 
solution for long-term storage.
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Table 1 - Kinetic Assays of Hieh-PA (100 minute pH-shift) ON80
vesicles ® 15 °C
Assay
dehyd.
Additions
none
Km (NAD1I)
13.1 +/- 3.4 uM
Vmax
C.052 nmoles/min.ug
dehyd. 50 mM NaCl 6.5 +/- 3.2 uM 0.053 ......................
dehyd. 100 mM NaCl 5.5 +/- 1.9 u.VI 0.033 .......................
dehyd. 0.5 mM CaCI 9.0 +/- 1.5 u M 0.048 ......................
dehyd. 10 mM CaCI 12.1 +/- 2.2 uM 0.053 ......................
oxidase none 27.3 +/- 18.1 uM 0 .3 0 1 ......................
oxidase 50 mM NaCl 23.3 +/- 12.6 uM 0 .0 8 1 .......................
oxidase 0.5 mM CaCI 62.6 +/- 26.1 uM 0 .4 1 2 .......................
oxidase 10 mM CaCI 25.9 +/- 6.3 u M 0 .1 0 1 ......................
Velocities, in general, had an error estimate ol 
about 0.005 nanomoles per minute |>er microgram.
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Table 2 - Kinetic Assays of Low-PA (30 minute PH-shift) QNgO
vesic les ® 15 °C
Assay Additions Km (NAPH) YlMX
dehyd. none 3.8 +/- 0.6 uM 0.018 nmoles/min.ug
dehyd. 50 mM NaC! 4.5 +/- 0.9 uM 0 .0 1 9 ..................
dehyd. 0.5 mM CaCI 2.7 +/- 0.6 uM 0 .0 1 9 ...................
Table 3 - Variation in DClP-Reductase Specific Activity 
Sample Assayed Immediately 3:Pay i»t 4 .°C_ 3-Piiy in Uiu. N
Whole Cells 0.018 0.018 0.017
Before Sonication 0.222 0.102 0.277
After Sonication 0.320 0.146 0.254
Inner Membrane 
Vesicles 0.316 0.189 0.153
Activity values given in units of micromoles per minute per 
milligram of protein.
Table 4 - AMP Inhibition Studies with NAPH Dehydrogenase and
Oxidase
NADH Dehydrogenase Sp. Activit\: no AMP -- 0.084
10 mM AMP -  0.047 
(44% inhibition)
NADH Oxidase Sp. Activity: no AMP — 0.332
10 mM A M P- 0.166 
(50% inhibition)
Activities given in micromoles per minute per milligram of protein.
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Table 5 - NADH and d-NADH Oxidase Sp. Activities of GN8Q and QN8J.
NADH Oxidase: GN80 -  0.72 
GN81 -  0.98
d-NADH Oxidase: GN80 -  0.30 
GN81 -0 .00
Activities given in micromoles per minute per milligram of protein.
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Discussion/Conelu sions
The addition of cations to high-PA membrane vesicles of P- co!' 
docs affect the NADH dehydrogenase activity of this system. The 
apparent Km (NADH) of the enzyme(s) is significantly reduced in the 
presence of sodium ions in the 50-100 m\1 range, while the maximal 
velocity remains fairly constant. The presence of calcium chloride in 
the I-10 mM range also appears to affect the enzyme's kinetic 
parameters, but in a less clearly-defined fashion.
Since the monovalent sodium ions presumably can not cause 
domain formation with the acidic phospholipids, their effects are 
probably mediated solely through electrostatic forces. The reduction 
of the apparent Km(NADH) of the dehydiogenase, therefore, is 
evidence for electrostatic screening of the charge-charge repulsions 
between the acidic phospholipids and the negatively-charged NADH. 
The theoretical background for this effect is governed by the Gouy- 
Chapman theory, as described by McLaughlin (18).
The attempts to determine if the effects of calcium on the 
enzyme are identical to the to the effects of sodium, or are somehow 
different due to PA-domain formation in the lipid environment of 
the enzyme, have largely failed. However, steps have been taken 
towards accomplishing this goal, in particular, the purported 
construction of GN81, a strain in which an "interfering" enzyme has 
been eliminated, should help in further studies of this question.
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